Abstract Killer cell immunoglobulin-like receptors (KIR) are encoded by highly polymorphic genes that regulate the activation of natural killer (NK) cells and other lymphocyte subsets and likely play key roles in innate and adaptive immunity. Association studies increasingly implicate KIR in disease predisposition and outcome but could be confounded by unknown KIR genetic structure in heterogeneous populations. To examine this, we characterized the diversity of 16 KIR genes in 712 Northern Californians (NC) stratified by self-assigned ethnicities and compared
Introduction
Human killer cell immunoglobulin-like receptors (KIR) are encoded within a dynamically evolving gene cluster located at chromosome 19q13.4, in the leukocyte receptor complex (Trowsdale and Parham 2004) . Profound polymorphism has been generated by multiple mechanisms including gene duplication, deletion, inversion, and non-allelic homologous recombination (Rajalingam et al. 2004; Vilches and Parham 2002) . The human KIR locus has been shown to contain between 6 and 15 expressed genes and 2 pseudogenes. KIR polymorphism therefore exhibits marked haplotypic variation whereby an individual can possess up to 17, and as few as 8, KIR genes in distinct diploid combinations or "genotypes". Two major haplotype groups, "A" and "B", were originally defined (Uhrberg et al. 1997) and still retain useful systematic classification. Group A haplotypes comprise a core set of seven KIR genes that encode predominantly inhibitory receptors, and group B haplotypes possess variable complements of genes that encode a greater proportion of activating receptors (Uhrberg et al. 1997) . Certain genes are haplodiagnostic for each group. Generally, group A haplotypes are characterized by the presence of KIR2DL3 and KIR3DL1, which both encode inhibitory receptors, and by KIR2DS4, which can encode an activating receptor but is commonly null (Maxwell et al. 2002) . Correspondingly, group B KIR haplotypes are distinguished by variable combinations of KIR2DL5, KIR2DL2, KIR2DS1-3, KIR2DS5, and KIR3DS1. KIR genotypic polymorphisms have been studied and reported in different human populations.
Through March 2011, 396 distinct KIR genotypes have been reported from 12,741 individuals within 108 distinct populations (Gonzalez-Galarza et al. 2011; Middleton et al. 2003) . New KIR genotypes are still being identified, even in Western populations where scrutiny has been most intense, emphasizing the still incompletely defined extent of haplotypic KIR variation.
The receptors expressed by KIR genes regulate the function of natural killer (NK) cells and other lymphocyte subsets (Lanier 2005) . Now well established is that the ligands for five inhibitory receptors, KIR2DL1-3 and KIR3DL1-2, are subsets of classical HLA class I molecules, whose KIR specificity is defined by oligomorphic epitopes within the alpha 1 domain. KIR2DL1 engages HLA-C molecules possessing the key epitopic residue Lysine (K)80, whereas KIR2DL2 and KIR2DL3 bind HLA-C molecules harboring residue Asparagine (N)80. The dimorphism at residue 80 is conserved among hominid MHC class I C types and defines the "HLAC2" (K80) and "HLAC1" (N80) KIR2DL ligands, respectively. KIR3DL1 binds HLA class I molecules expressing the Bw4 motif at residues 77-83, with similar fine specificity for residue 80, and KIR3DL2 has potentially peptide-dependent specificity for HLA-A3 and HLA-A11 allotypes (Hansasuta et al. 2004 ). Relatively little is known about the natural ligands for activating KIR, but there is evidence that at least some may also bind MHC class I molecules (Chewning et al. 2007) . The in vivo function of KIR and the clinical implications of KIR polymorphism are still under intense scrutiny.
Genetic association studies increasingly implicate KIR in influencing the outcome of virus infections (Khakoo et al. 2004; Martin et al. 2002) , tumors (Carrington et al. 2005) , transplantation (Ruggeri et al. 2002) , pregnancy success (Hiby et al. 2004) , and autoimmunity predisposition (Nelson et al. 2004) . The underlying theme is that genetic differences influence KIR-ligand interactions, tilt a subtle balance between activating and inhibitory signaling, and result, in NK cell-mediated activation or dampening (Lanier 2005) . Such disease-outcome associations are being conducted within and between various human populations (Denis et al. 2005; Du et al. 2007; Frassati et al. 2006; Jiang et al. 2005; Lee et al. 2008; Martin et al. 2004; Norman et al. 2001; Santin et al. 2006; Single et al. 2008; Uhrberg et al. 1997; Whang et al. 2005) . However, the evolutionary pressures exerted across the KIR locus and the rate at which the locus can be shaped are unknown, generating concern that undetected KIR genetic structure, including within ethnic subpopulations, could confound the accuracy of inferences made in KIR association studies. To begin investigating this, we set out to examine KIR polymorphism in a local, multi-ethnic North Californian population comprising 712 individuals.
Materials and methods

Study subjects
Seven hundred and twelve Northern Californians residing mainly in the greater San Francisco Bay area were characterized for KIR gene content (Table 1) . Subjects were identified through clinical and/or research contact at two institutions in San Francisco (SF): California Pacific Medical Center (CPMC) and the University of California, San Francisco (UCSF). IRB approval for the current study was obtained at each institution. All persons gave their informed consent prior to their inclusion in the study. An initial cohort of 487 hospital clinic-based subjects are, or have been, infected with viral hepatitis B and/or C. A second cohort of 225 Northern Californian (NC) individuals was comprised by young injection drug users (IDU) and their associates: some were not infected with HCV, HBV or HIV, others were chronically infected, and some resolved acute HCV infection. The ethnicity of subjects was self-assigned and stratified into the four major ethnic groups designated by the latest US census (US Census 2010): Caucasian, African American, Asian, and Hispanic. A fifth group designated "others" comprised individuals who either did not provide ethnicity information or represented other minority groups and those who indicated more than one ethnicity. For extended comparison, KIR data from 4,206 multi-ethnic individuals were extracted from a central database (www. allelefrequencies.net) that captures 34 worldwide populations including from European, North American, South American, African, and Asian countries (Gonzalez-Galarza et al. 2011; Middleton et al. 2003) . The selection of comparator populations was based on ethnic similarity with the 4 major ethnic groups within Northern California and on the availability of data for the same 16 KIR genes characterized in our study, with the exception of 3 genotypes in Native populations from North and South America, where the information for pseudogenes was missing. KIR genotype information was tabulated for each of the 34 comparator populations, and our North Californian residents were abbreviated for convenient analysis and tabulated (Table 2) .
DNA isolation
Peripheral blood mononuclear cells were isolated using a Ficoll (GE Healthcare) density gradient method, and genomic DNA (gDNA) was extracted using the QIAamp™ DNA Blood Mini kit (Qiagen® Valencia, CA, USA). Samples were eluted in DNase/RNase-free water and measured for concentration using a NanoDrop 8,000 spectrophotometer.
KIR genotyping
A sequence-specific priming polymerase chain reaction (PCR-SSP) genotyping method was established and optimized in our laboratory to determine the presence of 16 KIR genes in the diploid chromosomal complement of each subject. The PCR-SSP method used 50-100 ng of gDNA template, 10 pmol of each primer, and GoTag® Green Master Mix (Promega). To ensure optimal conditions for accurate typing of 16 KIR genes, each primer pair was tested using established control samples. Our first round reactions incorporated the following primer pairs: for KIR2DL1 as described in Vilches and Parham (2002) and for KIR2DL2-5, KIR3DL1-3, KIR2DS1-2, KIR2DS4, KIR3DS1, KIR2DP1, KIR3DP1, as described by Uhrberg Ethnic and clinical composition of the 712 study subjects. Individuals were categorized in the five major ethnicities that compose the California population (US Census 2010): Caucasian, African American, Asian American, Hispanic, and "Others". The fifth category, "Others" (n=54), refers to individuals who lack ethnicity information in our record or cannot be categorized under the four principal ethnic groups. Clinical classification into "HCV cirrhotic" (n=329), non-cirrhotic "HCV chronic" (n=101), and HBV chronic (n=57) reflects the patient groups who attend local liver and transplant centers (1) CPMC (n=166) and (2) UCSF (n=163). An additional study group of 225 local injection drug users (IDU) was included. The bottom row shows the total number of individuals from respective ethnicities within the cohort et al. (1997) . For KIR2DS3 we used the forward primer originally described in Norman et al. (2001) with the reverse primer as described by Uhrberg et al. (1997) . For KIR2DS5 we used the primer pairs as described in IHWG , and a final extension at 72°C for 5 min. Amplicons were electrophoresed through 1% agarose gels and visualized using ethidium bromide. When faint bands were observed, the reactions were repeated, initially using the same primers. If bands remained faint or absent, reactions were again repeated using primers described in Vilches et al. (2007) . As a further quality control, a spectrum of samples was also typed using Luminex® methodology at a different laboratory and results were 97% concordant. Sequence comparisons between primers used in this study and the latest IMGT KIR sequence database (July 2011) suggest that 15/522 (2.7%) KIR alleles might not amplify efficiently in our typing system (Supplementary Table 2 ). Two of the 15 are alleles of KIR2DL4, which is present in all 68 of our NC KIR genotypes ( Fig. 1 ), implying that there may be 13/552 (2.36%) alleles that have not been captured by our typing primers. In some genotypes, putatively missed alleles would have likely been present in combination with typed alleles at the same loci. Our genotyping error rate is therefore anticipated to have been low and likely comparable with the reference genotypes used in our Californian and global analysis. The KIR genotype of each individual was recorded using binary code to indicate the absence or presence of each KIR gene, respectively. KIR2DL5A and KIR2DL5B were not resolved in the current study.
Data analysis
A new KIR analysis application KIR genotype patterns were tabulated using a simple and flexible in-house program ("KGP") written in Perl script (Singh et al., manuscript in preparation Phylogenetic analysis Phylogenetic analyses were conducted using the individual KIR genotype frequencies in respective study populations. The phylogenetic analysis was performed using PHYLIP version 3.6 (Felsenstein 1989 ) based on the restricted maximum likelihood estimation method and displayed using Hypertree (Bingham and Sudarsanam 2000) .
Results
KIR and population diversity in Northern California
We analyzed the diversity and frequency of KIR genes in an NC population comprising 712 subjects, selected by their enrolment in viral hepatitis research studies at 2 Medical Centers in San Francisco. PCR-SSP typing was conducted to determine the presence of 16 KIR genes in the diploid chromosomal complement of each individual and identified 68 distinct genotypes in the NC cohort (Fig. 1) . In order to seek evidence for KIR genetic substructure, the NC study population was stratified into the five ethnic groups prevalent in the State of California (US Census 2010), based upon self-assigned ethnicity (Table 1) . Because KIR genotypes display a wide range of polymorphism within and between populations, a computer program (KGP) was written and deployed to display their variation and frequency and thus facilitate analysis of potential ethnic signatures. The KIR genotype content and frequency in the major NC ethnic groups, Caucasian (NCC, n=457), African American (NCAA, n=47), Asian (NCA, n=80), Hispanic (NCH, n=74), and in the ethnically composite group, "Others" (NCO, n=54), are shown in Fig. 1 . The NCO subgroup encapsulates subjects with undeclared ethnicity (n=42) and subjects whose self-assigned ethnicity did not belong to any of the four specified categories (n=12).
KIR genotype diversity among Caucasians in Northern California
Caucasians comprised the majority population in our cohort (Table 1) , consistent with contemporary California state demographics (US Census 2010). Our initial analysis therefore focused on this subgroup. The NCC subgroup comprised 457 individuals, from which 58 distinct KIR genotypes were characterized (Fig. 1) . Respective NCC genotypes were ranked by population frequency, numbered (NC1-58), and clustered. The range of KIR gene content varied from 8 to 16 genes between all NCC subjects and the most common genotype (NC1) was shared by 29.5% of this population (Fig. 1) . NC1 is recognized as the most common KIR genotype in different human populations, comprised by AA haplotypes (Uhrberg et al. 1997) constituted by nine KIR genes. In contrast, genotypes NC38 to NC58 were singletons, each found in only one individual within the NCC subgroup. Of the 58 NCC genotypes, NC28 was unshared among all of the populations examined ( Fig. 1 ) but has been described in Iranian (Ashouri et al. 2009 ), Brazilian (Ewerton et al. 2007) , and Indian populations (Kulkarni et al. 2008; Rajalingam et al. 2002) with frequencies varying from 0.8% to 3%. These populations were not included in our analysis either because their migration histories into California have been historically light and/or due to the lack of data for all 16 KIR genes typed in our study. Only 3.7% of NCC individuals possessed all 16 KIR genes, and 2.4% possessed the minimum of eight genes; the latter in two different genotypes (NC9 and NC26). Emphasizing an asymptotic KIR genotype frequency distribution, the top 3 (5.2%) of the 58 NCC KIR genotypes were present in 52.3% of the NCC population (Fig. 1) . With the exception of NC1, the frequency of the remaining NCC genotypes ranked differently in the other ethnically defined NC populations studied.
KIR genotype diversity among African Americans, Asians, Hispanics, and others in Northern California
Our non-Caucasian study population comprising NCAA (6.6%), NCA (11.2%), NCH (10.4%), and NCO (7.6%) (Table 1) , respectively, possessed 17, 21, 20, and 18 distinct KIR genotypes (Fig. 1) . Ten KIR genotypes (NC59 to NC68) were identified in these groups that were not found in the NCC group. Five of these genotypes (NC59-63) occurred in NCAA with only one found in a non-NCAA ethnicity (NC59 in NCA). Among these five genotypes, NC61 was present at the highest frequency (8.5%), ranking third in NCAA. Of the remaining five KIR genotypes, NC64 and NC65 were found only in NCA; NC66 and NC67 only in NCH, and NC68 only in NCO, each possessed by single individuals in respective ethnicities. While NC1 was ubiquitously the most frequent genotype, the frequency of other KIR genotypes varied among ethnicities. For example, genotype NC2 was the second most frequent in NCC (12.9%) and NCO (11.1%), but ranked third in NCH (9.5%), seventh in NCAA (4.3%) and eighth in NCA (2.5%) (Fig. 1) . Among the ten most frequent NCC KIR genotypes, NC5 (4.4%), NC8 (1.8%), and NC10 (1.5%) were not present in NCAA, and only NC8 was absent in NCA. KIR genotype frequency was therefore the most striking population variable, which we interrogated further by phylogenetic analysis. As shown in Supplementary Fig. 1 , the NC KIR genotype frequencies of the four major ethnicities segregated into distinct clades.
Comparison of KIR genotype frequency and diversity with other populations
Our NC dataset provided opportunity to compare KIR gene structure with the same ethnic groups studied by others in different geographical locations. The primary objectives were to examine the extent to which our NC population captured known KIR polymorphism, to seek ethnic signatures, and to expose potential sampling errors associated with the observed KIR patterns in our NC population.
1. Northern vs. Southern California. Initially, we extended the analysis to a healthy Southern California (SC) population of similar size using a reference 16-KIR gene dataset generated by Du et al. (2007) . We compared all 68 KIR genotypes from the 712 NC individuals with 70 KIR genotypes reported from 759 SC subjects. This identified 84 distinct KIR genotypes in California, with 17 NC and 13 SC genotypes that were unshared between the respective populations. We then analyzed the KIR genotypes and their frequencies in each of the four major ethnicities, excluding NCO. In Californian Caucasians, 65 distinct KIR genotypes were found, with 29 and 7 unshared genotypes in NCC and SCC, respectively (Supplementary Table 1 ). Similar analyses were performed for Californian African Americans, Asians, and Hispanics. Twenty-seven KIR genotypes were observed among Californian African Americans, with five and ten unshared genotypes in NCAA and SCAA, respectively. Two hundred and thirty Californian Asians exhibited 39 distinct KIR genotypes, with 5 NCA and 18 SCA unshared genotypes. Among 202 California Fig. 1 KIR genotypes observed among North Californian (NC) ethnicities: Caucasian (NCC), African American (NCAA), Asian (NCA), Hispanic (NCH), and "others" (NCO). The first column labels and stratifies by frequency the distinct KIR genotypes generated from 712 subjects by KGP. The KIR genotypes are depicted in rows. The respective KIR inhibitory, activating and pseudogenes are ordered in columns, from left to right. By convention, black cells designate the presence and white cells the absence of respective genes. The ethnic breakdown of the dataset is shown in the next five columns, NCC-NCO. Adjacent to the respective ethnicity headings, within square brackets [ ], are the total number of individuals separated by slash from the total number of KIR genotypes in each ethnic group. In each column, the number and percent (in parentheses) of individuals possessing respective KIR genotypes are shown. The frequency rank of respective KIR genotypes in each ethnic group is shown in the five right columns. NC1, alone, can be seen as the most frequent genotype in all ethnicities. The genotype shaded in gray (NC28) occurred only in NCC. The ten non-NCC genotypes (NC59 to NC68) were found only among non-Caucasians in our NC cohort Hispanics, 35 distinct genotypes were identified with 8 NCH and 15 SCH unshared genotypes.
Phylogenetic analyses using ethnic KIR genotype frequencies indicated that despite differences in subject selection methods, respective Caucasian, Asian, and African American populations in SC and NC are genetically similar (Fig. 2) . Therefore, KIR genotype frequencies retained the distinct ethnic profiles observed in our NC analyses. In contrast, the KIR genotype frequencies in NCH and SCH segregated into two distinct clades (Fig. 2) suggest that they may represent genetically different populations, which is in fact plausible given that Hispanics are known to be markedly heterogeneous (Shtir et al. 2009 ).
Global populations.
To overcome the potentially obscuring effects of admixture in contemporary US populations and to address the potential for local sampling error, we expanded the comparative KIR genotype analysis to global populations. The global comparison used data extracted in March 2011 from the major reference KIR genotype database (Gonzalez-Galarza et al. 2011; Middleton et al. 2003) , which contains 396 distinct KIR genotypes reported from 12,741 individuals in 108 populations. We extracted KIR genotype data from various native European, Asian, and African populations in an attempt to capture the principal ancestral demographics of modern North American immigrants. Native American populations from South and North America were also included to further scrutinize the KIR genetic makeup of the Hispanic population in California. Information for the same 16 KIR genes was available from 7 Native American, 1 Mestizo, and 22 non-American populations ( Table 2 ). The comparator groups included the four major NC ethnicities in our study (excluding NCO) and the four ethnically matched SC populations. In total, 162 KIR genotypes were present in the 38 comparator populations for which complete KIR genotype information was available. In the selected populations, there were 4,206 individuals, of which 712 (∼17%) were provided by the current NC study. To analyze KIR population genetic structure, we constructed progressively inclusive population cohorts starting with Caucasians, which were the largest ethnic group (Table 3) . NCC were sequentially combined with other Caucasian populations (cohorts 1-3) and ultimately with non-Caucasians (cohort 4), encompassing all 39 global populations ( Table 3 ).
The Caucasian KIR genotype comparison, as anticipated, showed that the number of unshared KIR genotypes in NCC was inversely related to the number of individuals sampled. The number of unshared NCC KIR genotypes reduced from 29 to 10 as NCC was sequentially compared to larger Caucasian cohorts and reduced further to a single KIR genotype, NCC28 (Fig. 1) , when the comparison was extended to a multi-ethnic global population (Table 3) . Similar analyses were performed for American African, Asian, and Hispanic populations, and we observed complete resolution of unshared genotypes within respective ethnicities when comparisons were extended to global populations (data not shown). These results emphasized that KIR gene content is not associated with any specific population or ethnicity.
Phylogenetic analysis of the frequencies of the 162 KIR genotypes in cohort 4 (Table 3) , clustered populations into 3 broad ancestries: European, African, and Asian (Fig. 3) . Consistent with the KIR genotype frequency analysis conducted solely in California, NCC and SCC populations grouped closely within the European Caucasian clade, and NCAA and NCA clustered within native African and Asian populations, respectively. Although the Californian Hispanic populations grouped within the European clade, as we have already shown, NCH and SCH had formed separate branches when only the Californian KIR genotype frequencies were analyzed (Fig. 2) . The latter suggests more complex KIR genotype profiles in Hispanics. Therefore, while no single KIR genotype is population specific, as previously known, the KIR genotype frequency profiles broadly tracked ancestries. (Fig. 2) , showed that ethnicity significantly influenced the frequency of KIR2DL2-3, KIR3DL1, KIR2DS1-2, KIR2DS4, and KIR3DS1, respectively ( Supplementary Fig. 2 ).
Discussion
The 712 NC residents characterized here for KIR gene content exhibited 68 KIR genotypes, sampled the California's 4 major ethnic groups (US Census 2010) and allowed us to investigate ethno-geographical features of KIR gene structure. Our results indicate that KIR genotype frequencies can effectively illuminate ancestry, highlighting an underappreciated utility of KIR genotype polymorphism in broadly defining the ethnic structure of modern heterogeneous populations. This finding had not been intuitive a priori, especially given that KIR genotypes each represent the diploid state. We anticipated that ethnic admixture would likely homogenize and obscure ancestral influences on KIR genotype frequency. Our data, therefore, support that admixture remains fairly light, including among African Americans, as recently reported (Halder et al. 2009; Tishkoff et al. 2009) , and indicate that the frequency dependent and balancing selection influencing individual KIR genotypes in native populations remains evident in modern Americans. We infer that the effect must be quite strong for it to be observed in comparatively few individuals and suspect that it has likely been facilitated by relatively recent migrations combined with sociocultural patterns. KIR genotype frequencies can thus retain ethnic signatures in extant US populations, as recently reported for individual gene frequencies in African Americans (Jiang et al. 2010) . Our parallel analysis (Supplementary Fig. 2 ) further supports that ethnic KIR genotype profiles in California are linked to variations in individual KIR gene frequencies between the ethnic groups.
Although the NC study population was recruited from individuals exposed to hepatitis B and C viruses, which could potentially skew KIR genotype frequencies, several factors mitigate the composition of our cohorts with respect to our principal findings and conclusions. Not all study Table 3 ). Ethnic abbreviations are shown in Table 2 . In clockwise order, African, European, Native American, and Asian clusters are, respectively, enclosed within distinct outlines, as shown. The NC and SC populations are clustered in proximity to their native ancestries The qualitative (ethnic) and quantitative properties of cohorts 1-4 are indicated in the left column. Fifty-eight genotypes from 457 NCC individuals were compared with progressively larger and more inclusive cohorts. The total numbers of distinct KIR genotypes observed in respective cohorts are shown in the middle column. The unshared NCC genotypes, not found in the respective non-NCC populations are indicated in the right column. The only 'unique' genotype in our study is denoted with letter (a) in cohort 4 and refers to NC28 members had chronic viral hepatitis, and the cohorts were variable in disease status (Table 1) . The IDU cohort comprised 225 individuals who were selected mainly by predisposition to drug addiction. They are too young to have selection bias created by disease outcome and are effectively a group of young NC individuals who use or are exposed to drugs: some are not infected (with HCV, HBV, or HIV), others are chronically infected, and some resolved acute HCV infection. The chronic HBV and HCV subjects in our other cohorts could, however, conceivably select for certain KIR genotypes. That Caucasian, Asian, and African ethnicity still shapes the KIR genotype frequency profiles when our NC data are compared with local and with global datasets makes it unlikely that there is a strong viral hepatitis influence on the KIR genotype frequencies in our NC population. Most notably, the geographically immediate comparator population in SC is comprised by unrelated blood donors who are likely to have been predominantly healthy, but as shown in Fig. 2 , phylogenetic analysis discretely groups Caucasians, Asians, and African Americans, respectively. This argues for a KIR genotype effect that is likely independent of HCV and HBV, which do not exert any obvious impact on host gene flow.
Of the 65 KIR genotypes in Californian Caucasians, 29 (44.62%) (Table 3) were specific to either NC or to SC. Although initially surprising, we suspect that different Caucasian sample sizes in the NC and SC populations contributed to this NCC vs. SCC difference. The first 195 NCC individuals sampled yielded 39 KIR genotypes, which is a similar number to the 36 KIR genotypes characterized among the comparator population of 195 SCC individuals (Du et al. 2007) . Taking a very simplified approach, we therefore note that, on average, in the NCC population, 1 distinct KIR genotype was identified for every 5 NCC individuals and for every 5.4 SCC individuals sampled. The ratio in NCC increases to 7.9 when we extend the number of KIR genotypes observed (N=58) among our entire Caucasian (N=457) cohort. Thus, 39 (67%) of our 58 NCC genotypes were identified after sampling 43% (195/457) of individuals in NCC. This implies that in the NC and SC Caucasian populations, the rate of identification of KIR genotypes is similar and that sampling the same number of Caucasians in SC might yield a similar total number of distinct KIR genotypes. In our NC population, the rate of KIR genotype identification falls as more people are sampled but the total number of genotypes continues to increase. The quantitative NCC-SCC KIR genotype difference is therefore likely due, in significant part, to sample size differences. Potential qualitative differences in ancestral demography within the sampled populations in NC and SC could conceivably contribute also. A focused NCC and SCC population KIR analysis will be required to more confidently resolve these questions.
The complex patterns of KIR gene presence or absence generates a high degree of heterogeneity between individuals, as reflected by the 396 KIR genotypes found in 12,741 individuals from 108 populations reported through March 2011 (Gonzalez-Galarza et al. 2011; Middleton et al. 2003) . Our NC population therefore exhibits ∼17% (68/396) of the KIR genotype polymorphism reported so far. The NC population is composed predominantly by immigrants from different parts of the world at different times over the past ∼400 years (Diner 2008) . Unlike KIR genotype NC1 (Fig. 1) , which is known to be present at the highest frequency in most ethnicities (Norman et al. 2001; Single et al. 2007; Uhrberg et al. 2002; Yawata et al. 2002) , our data show other genotypes that are shared between populations at variable frequencies and are phylogenetically informative. When the frequencies of 162 distinct, 16-KIR genotypes in 38 global populations were compared (Table 2) (Middleton et al. 2003) , and the analysis accurately segregated African, European, and Asian ancestries on phylogenetic trees (Fig. 3) . Notably also, when Native American populations were included in the analyses, members of all indigenous groups clustered discretely.
While KIR genotype frequency variability between populations is thus a striking feature in our dataset, its degree of finer resolution in discriminating population substructure merits further investigation. It was notable that the Finn and Basque populations fell outside of the main European cluster (Fig. 3) . European populations have been found to be unusually homogeneous with respect to gene frequencies (Cavalli-Sforza et al. 1994) , mitochondrial lineages (Pult et al. 1994; Sajantila et al. 1995) , and a spectrum of genetic diseases. Fennoscandian populations, however, which include Finns, are distinct compared with other European populations at nuclear (Cavalli-Sforza et al. 1994 ) and mitochondrial (Sajantila et al. 1995) genetic markers. A previous European genetic study further showed that Finns differ from surrounding populations by exhibiting markedly reduced Y-chromosomal and mitochondrial diversity (Sajantila et al. 1996) . The same study showed that, like Finns, Basques have lower genetic diversity and also appear to be genetically distinct, as further reflected by a relatively high frequency of Rhesus-negative genes and a distinctive non Indo-European language. Whether such distinctive features are captured in the KIR frequency profiles shown in our study would require greater sampling and further evaluation. It is unclear why the French population from Reims (FRA-RE) (Levinson et al. 2008) clusters with Basques or why the Portuguese sample does not cluster firmly within the European group. We were also interested to note that Mestizos, who by definition are admixed (Gutierrez-Rodriguez et al. 2006) , still fall within the Native American clade. KIR genotype frequency variability between populations is thus a striking feature in our dataset and its degree of finer resolution merits further investigation.
These data argue that environmental factors and natural selection are likely shaping and apparently harmonizing population KIR genotype frequencies. The ubiquitously high frequency "NC1" KIR gene combination appears to confer uniform advantage while subordinate genotypes are subjected to more ethno-geographically variable influences. This will need further consideration and analysis and is beyond the scope of this manuscript. Currently, it would be difficult to invoke a concise mechanism, particularly since specific factors driving KIR polymorphism remain largely obscure. Founder effects and linkage disequilibrium among individual genes and alleles and selection for KIR combinations that deliver net functional consequences (the extent of activation or inhibition) could most conceivably play a role.
While we found that KIR genotype frequencies among NCC, NCAA, and NCA retraced respective European, African, and Asian ancestries and established discrete clades, the KIR genotype frequency profile of Hispanics suggested greater complexity. When analyzed only against other major Californian ethnicities, NCH, like SCH, established phylogenies that were distinct from the other ethnic clades ( Supplementary Fig. 1 and Fig. 2) . However, when Californian Hispanic KIR genotype frequencies were compared with global populations, NCH and SCH fell within the dominant European cluster (Fig. 3) . A less conclusive Hispanic KIR phylogeny is, however, anticipated. "Hispanics" (also called "Latinos") possess shared culture and usually a common language, but varied recent ancestry. Genome-wide admixture mapping supports prior studies (Chakraborty et al. 1999; Sans 2000) , indicating that Hispanics encapsulate varying proportions of European, Native American, and (predominantly West) African origins (Mao et al. 2007) . Using a panel of ancestry informative markers (AIMs), an elegant study of the fourfold difference in asthma predisposition in Mexicans (M) vs. Puerto Ricans (PR) found European, Native American, and African ancestries in 45%M vs. 66%PR, 52%M vs. 18%PR, and 3%M vs. 16%PR, respectively (Salari et al. 2005) . The 74 Hispanic individuals in our NC study therefore undoubtedly constitute a heterogeneously admixed group, and as already noted, our trees pointed to a possible genetic difference within California between NCH and SCH. As anticipated from the AIMs study, the KIR genotypic frequencies of Hispanics also influenced the topology of Caucasians in our phylogenetic trees, which, however, suggested dominant influence of European over African and Native American genotype frequency signatures (Fig. 3) . Future studies of KIR structure in the Californian Hispanic population will be conducted, including in healthy individuals, to examine the extent to which ancestral KIR frequency signatures are retained in the respective ethnic subgroups. We recognize that the Hispanic subjects in our study may have been most obviously influenced by disease selection bias given that 63/ 74 (85%) were chronically infected with hepatitis C (Table 1) .
Because we have shown that KIR genotype frequency can be a molecular marker for ethnicity and influences the frequency of individual KIR genes, our data hold implications for disease association studies involving KIR. Case-control studies require thorough scrutiny of a population's genetic structure to minimize sampling error (Pritchard and Donnelly 2001) because hidden population structure can introduce bias and misleading conclusions (Barbujani and Colonna 2010; Lander and Schork 1994; Risch et al. 2002; Rosenberg et al. 2002; Thomas and Witte 2002) . The complexity of KIR genetics in modern populations and the retention of ethnic KIR signatures, as highlighted here, increase the risk for falsely ascribing genetic association, particularly in studies with small sample sizes or in settings where a minor population is folded into a dominant one due to a shared disease, such as hepatitis C or HIV. Reliable associations that provide insight into KIR involvement in disease outcome will only be achieved by careful selection of ethnically matched controls. Our data more deeply elucidate the structure of KIR genotype polymorphism, especially in California, and set a firmer foundation for KIR-related studies. By cataloguing the KIR genetic constitution of the NC population, in combination with other regional datasets, these data facilitate selection of appropriate controls for future association studies. In fact, we show that KIR genotypic polymorphism itself can be a useful tool in helping to define population substructure.
In conclusion, this study emphasizes the importance of incorporating population structure and stratification in conducting KIR association studies. It also highlights that stratification among Hispanics remains problematic and will require finer resolution of KIR polymorphism in combination with AIM panels in local populations. Our study provides deeper insight into KIR genotypic structure in California that should facilitate future disease association studies in this region.
